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Role of Surface Structure in the Phase Separation of the Sinary Electron-Hole Liquid
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Microscopic calculations are presented of the surface and interface structure of the bi-
nary electron-hole liquid in (111)-stressed Ge at T =0. The separation of the electron-
hole droplet into two coexisting phases is found to have a surface precursor. The phase
separation is predicted to occur without any nucleation process or hysteresis effects even
though the phase transition is first order. Perfect wetting between the two liquid phases
is predicted. Experimental implications are discussed.

PACS numbers: 71.35.+z, 68.10.Cr, 64.70.Ja

In recent years considerable progress has been
made in understanding phenomenologically the
physics of the interfaces between the coexisting
phases of multicomponent fluids. ' However, the
interf aces in degenerate multicomponent Coulomb
Fermi liquids have not been studied at all, al-
though the simplicity of the interactions in these
systems presents a unique opportunity for ac-
curate microscopic calculations, and recent
theoretical work suggests that these liquids
should have rich and interesting phase diagrams. '
In this Letter I report on the surfaces and inter-
faces occurring in such a system —the electron-
hole liquid (EHL) containing two different elec-
tron species (the "hot" and "cold" electrons),
which is realized experimentally in (111)-stressed
Ge. ' At T=O, for suitable values of stress, and
concentrations of hot electrons in the EHL which
are not too high, this EHL has been predicted to
separate into two phases. ' One phase (phase I)
consists of cold electrons and holes only while
the other (phase II) contains hot electrons, cold
electrons, and holes. At higher hot-electron con-
centrations the EHL consists of a single phase
containing all three species. Experimental ob-
servation of this phase separation has been re-
ported in both photoluminescence' and plasmon
absorption' studies. The calculations reported
here reveal that the structure of the EHL surface
plays a key role in the phase separation process.
An unexpected result with important experimen-
tal implications is that the phase separation
should proceed without any nucleation process
taking place so long as the EHL has a free sur-
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face. This is so despite the fact that the phase
transition is first order.

The present calculations are based on the den-
sity-functional formalism of Hohenberg and Kohn
(HK). The application of this formalism to sim-
ple electron-hole liquids has been reviewed by
Rice. ' If one a.ssumes local charge neutrality
(a good approximation for EHL surfaces) the HK

energy functional at T =0 takes the form

where i stands for hot electrons (h), cold elec-
trons (c), or holes (H), n; is the density of
species i, and v labels principal axes. The local
approximation g, to the energy density consists
of kinetic and exchange-correlation energy con-
tributions which are calculated as in Ref. 2. For
electrons the coefficient g,"of the first gradient
correction to the kinetic energy is given by g, '"
=h'/72n, m, , where m, „ is the longitudinal (v = I)
or transverse (v = t) mass. For holes g,""is
calculated numerically from the random-phase-
approximation static dielectric function in the
k. p formalism, ' extending to nonzero stress the
work of Reinecke et al. ' Since the anisotropy of
the EHL surface tension is small, isotropic ap-
proximations are commonly used for the simple
EHL. Following Ref. 9, I define g, ' by 3g, '=g, "
+2g," and use g, ' in place of g,

'" in (1). The
problem of minimizing E to find the surface pro-
files n,. is then handled by solving numerically the
Euler equations

Bgo/ Bn, —dg, '/dn„(dn, /dz)' —dg,"/dna (dna/dz)' —2g, ' d'n, /dz' —2g,"d'ns/dz' = p, , (2)

where j stands for h or c, p. , is the bulk pair chemical potential, z is the coordinate normal to the sur-
face, and the partial derivatives are taken keeping n„=n„+n, . The surface or interface tension is
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given by
+ OO

o = J dz[go((n; j) +Q;g, '(dn, /dz)'- p„n„- ~,g, j. (3)
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The predicted behavior of the EHL surface pro-
files, as the phase separation is approached, is
shown in Fig. I. The parameter y is defined by
y = (y -y*)/J*, where y =n„/(n„+n, ) is the hot-
electron concentration, and y* is the value of y
at which the phase separation occurs. The elec-
tron-hole drop exists as a single homogeneous
bulk phase for y &0. However, as y=0 is ap-
proached, a plateau begins to develop in the cold-
electron surface profile. An indication of this is
seen already for y=0.01, and at y =0.001 it is

unmistakable. This plateau is a surface precur-
sor of the new phase (phase I) which emerges as
a bulk phase only when y = 0 is reached. The
cold-electron density in the plateau region ap-
proaches the bulk density of phase I (which is in-
dicated by the dotted lines) as y =0 is approached.
Concurrently the plateau broadens, and becomes
the bulk phase I when its width reaches macro-
scopic size at y=0.

A clear intuitive picture of the physics under-
lying this behavior can be obtained by studying
the local free-energy density y(n„n„) =Z,((n, ])
—p,„n„-p, n, which enters into the surface-en-
ergy integral (3)." The contours of constant y
are shown in Fig. 2 for the phase equilibrium
case y =0 of Fig. I. y vanishes where (n„n, )
corresponds to phase II (square), to phase I
(circle), or to the vapor phase [ which is the
vacuum (0, 0) at T=0]. Notice that well-defined
"valleys" in the free-energy density connect
phase II to phase I and phase I to the vacuum but
ther'e is no other such valley connecting phase II
to the vacuum directly. In order to minimize the
energy of the surface of phase II, the local densi-
ties [n, (z), n„(z)] must follow a trajectory from
phase II to the vacuum which closely approximat-
es the bottom of these valleys. Such a trajectory
must pass through phase I. For other trajec-
tories the surface energy would not be stationary
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FIG. 1. Surface and interface profiles of n, (solid
lines) and n„(dot-dashed) vs the coordinate s (units of
aB) normal to the surface, for a stress splitting of the

0
valence band at k=0 of 2 meV. ag =177 A. For meaning
of y see text. For /=0 the solid and dot-dashed lines
give the interface profile between phases II and I; the
surface profile of phase I is dashed. For meaning of
dotted lines see text. Surface and interface tensions are
in 10 dyn cm . The exchange-correlation energy val-
ues calculated for Ge{1,1) in Bef. 10 were used. The
results using values for Ge(4, 2) are similar but the
surface energies are somewhat smaller.
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FIG. 2. Contours of free energy density P (in 10
By cm ) plotted vs nI, and n~ for the case j'=0 of Fig.
1. The calculated trajectory in (n, , nI, ) space of the
interfaceWetween phases II (square) and I (circle) is
dashed. 1 By =2.66 MeV.
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against small variations of the path. Hence at
y =0, phase II cannot have a surface which is not
coated with at least a thin layer of phase I. Simi-
lar behavior is found for the other values of
stress for which the EHL phase separates. Such
situations have been described in chemical mix-
tures and the phenomenon is known as "perfect
wetting. '" The precision with which the actual
calculated interface trajectory between phases II
and I (dashed line, Fig. 2) follows the bottom of
the valley is a striking manifestation of the ac-
curacy of the above argument. If y is increased
from zero, the contours of y {and hence the tra-
jectory [n, (z), n„(z)1j change continuously re-
sulting in the series of profiles shown in Fig. 1.

The results presented here have direct experi-
mental implications. The prediction that, at
phase separation, phase II should always be com-
pletely coated with a layer of phase I provides
the first theoretical justification of the "coated
sphere model" which has been used on an ad hoc
basis by Timusk and Zar ate to interpret their
plasmon absorption experiments. ' Also the pre-
diction that as the phase separation sets in,
phase I gr ows continuously out of a surf ace pre-
cursor which appears prior to phase separation
implies that the phase separation process oc-
curs without nucleation having to take place.
This means that there should be no hysteresis
effects associated with the phase separation, in
marked contrast with the process of formation of
the EHL itself from the exciton gas. ' This re-
sult is of crucial significance for any quantita-
tive interpretation of time-resolved photolumi-
nescence experiments studying the phase separa-
tion, such as those of Bajaj, Tong, and Wong. 4

In these experiments a laser pulse creates an
EHL with a high concentration y of hot electrons.
Then y gradually decreases as a result of decay
processes and eventually is low enough for the
phase separation to take place. Time-resolved
luminescence spectra are taken in order to ob-
serve this phase transition. A direct experi-
mental test of whether hysteresis occurs could
be made in a two-pulse experiment, in which the
second pulse could be used to reverse the phase
separation process by raising the concentration
of hot electrons in the EHL."

Because of the gradient expansion of the energy
used in (1), the present calculations omit the
small Friedel oscillations which occur at EHL
surfaces. " However, it seems very unlikely that
including such effects would seriously modify the
physics contained in the topography of Fig. 2

which is responsible for the predictions made in
this article.
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Cahn transition in chemical mixtures although actual
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for the systems involved.

It should be emphasized that the phase transition
which is studied in this article and which has been the
subject of experiments (Bef. 4) is phase II phase II
+ phase I. A different phase transition, namely, phase
I phase I+ phase II can also occur in this system if
hot electrons are added to phase I. Hysteresis is to be
expected in the latter phase transition, in contrast with
the present prediction of no hysteresis in the former
one.
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